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ABSTRACT
We search for potential galactic and extragalactic dust contamination in thermal Sunyaev-Zeldovich
(tSZ) maps derived from the Planck data. To test for contamination, we apply a variety of galactic
dust and cosmic infrared background (CIB) models to the data as part of the y map reconstruction
process. We evaluate the level of contamination by cross-correlating these y maps with mass tracers
based on weak lensing data. The lensing data we use are the convergence map, κ, from the Red
Sequence Cluster Lensing survey (RCSLens), and the CMB lensing potential map, φ, from the Planck
Collaboration. We make a CIB-subtracted y map and measure the cross-correlation between it and
the lensing data. By comparing it with CIB-contaminated cross-correlation, we find that the cross-
correlation between κ and y is only slightly contaminated by CIB signal, at the level of 6.8 ± 3.5 %,
which implies that previous detections of κ × y are robust to CIB contamination. However, we find
that φ × y is more significantly contaminated, by 16.7 ± 3.5 %, because the CMB lensing potential
probes higher redshift sources that overlap more with the CIB sources. We find that Galactic dust
does not significantly contaminate either cross-correlation signal.
Subject headings: Cosmology, tSZ effect, cross-correlation
1. INTRODUCTION
The thermal Sunyaev-Zeldovich effect Zeldovich &
Sunyaev (1969) is the inverse Compton scattering of
Cosmic Microwave Background (CMB) photons by high
energy electrons. CMB photons get an energy boost
through this effect and their energy spectrum is dis-
torted. This effect provides a useful tool to observe dis-
tant structures where ionized gas is present (e.g., galaxy
groups, clusters, or filaments; see Planck Collaboration
XXIX 2014; Tanimura et al. 2017). It mainly occurs in
the hot intracluster gas in galaxy clusters. The effect is
independent of redshift because it is a scattering effect,
thus high redshift clusters can be observed more easily
than with redshift dependent signals such as X-rays or
optical emission. Besides searching for new clusters, the
tSZ effect can also be used to constrain cosmological pa-
rameters by providing information on the abundance of
galaxy clusters, which depends on σ8 and Ωm Molnar
et al. (2002).
With the current observational precision, it is possible
to detect the tSZ signal from galaxy clusters (e.g., Has-
selfield et al. 2013) after filtering out other components
like the CMB, galactic dust, and point sources. More-
over, since the frequency dependence of the tSZ is well
understood, it is possible to extract the dimensionless
Comptonization parameter, y, from multi-frequency sky
maps. In 2015, the Planck team constructed two full-sky
tSZ maps Aghanim et al. (2016a) from Planck data using
frequency channels from 30 to 857 GHz, with two dis-
tinct component separation algorithms, NILC (Needlet
Internal Linear Combination method, Delabrouille et al.
2009) and MILCA (Modified Internal Linear Combina-
tion Algorithm, Hurier et al. 2013). Several subsequent
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analyses have used these tSZ maps (e.g., Adam et al.
2016d; Vikram et al. 2017).
The tSZ effect offers a unique way to observe the dif-
fuse baryonic gas in galaxy clusters. In those clusters,
only about 10% of the baryons are in compact objects
like stars and dust, while 90% are in the form of diffuse
gas (Persic & Salucci 1992; Van Waerbeke et al. 2014). A
comparison of group and cluster masses derived from dy-
namical and X-ray data shows a disagreement indicating
that baryons are missing in X-ray data at all scales, espe-
cially at galactic halo scales. For high-mass halos, this is
likely related to the “missing baryon” problem occurring
at redshift z < 2, where the intracluster gas becomes
ionized in a warm phase that is particularly difficult to
observe. Recently, it has also been realized that miss-
ing baryons could be a problem for the interpretation
of gravitational lensing because baryonic processes could
impact the dark matter distribution, even on large scales,
via gravitational feedback (van Daalen et al. 2011). To
address this issue, it is necessary to have a tracer of large
scale structure probing the baryons distribution. Unlike
X-ray luminosity, the tSZ signal is proportional to the
baryon pressure, which is the integral of electron num-
ber density and temperature. This makes it easier to
detect in low-density gas.
Gravitational lensing provides an unbiased tracer of
the projected mass, independent of its dynamical and
physical state. cross-correlating the tSZ effect with gravi-
tational lensing is a method to help us understand the re-
lationship between baryons and dark matter. Van Waer-
beke et al. (2014) presented the first detection of a
cross-correlation between the tSZ effect and weak lens-
ing convergence with a confidence level of 6σ. Later,
Hojjati et al. (2017) found a 13σ cross-correlation sig-
nal which has been used to trace the spatial distribu-
tion of the baryons relative to mass and to constrain
the feedback mechanism of AGN in host galaxies. Addi-
tional constraints may be obtained by cross-correlating
ar
X
iv
:1
80
9.
09
63
6v
2 
 [a
str
o-
ph
.C
O]
  2
9 A
ug
 20
19
2 Yan et al.
the tSZ signal with the CMB lensing potential, φ. This
signal uniquely probes the physics of intracluster gas
in high-redshift, low-mass groups and clusters. Hill &
Spergel (2014) presented the first detection of tSZ and
CMB lensing cross-correlation. They use it to constrain
σ8(Ωm/0.282)
0.26 and the intracluster medium (ICM) of
galaxy clusters.
Residual systematic errors in the tSZ map may con-
taminate the cross-correlation results. The thermal
Galactic dust emission and Cosmic Infrared Background
(CIB) are two potential sources of contamination. The
CIB (Hauser & Dwek 2001) is the redshifted thermal
emission from dust grains heated by starlight from dis-
tant galaxies.
In this paper we search for residual galactic dust and
CIB contamination in tSZ maps by constructing a va-
riety of new y maps with predictably different contami-
nation levels, and by cross-correlating them with κ and
φ. For κ, we use data from the Red Sequence Cluster
Lensing Survey (RCSLens), and for φ, we use data from
the Planck Collaboration. The structure of this paper
is as follows: Section 2 introduces the formalism for our
study; Section 3 presents the datasets and methods; Sec-
tion 4 givess our cross-correlation results; and Section 5
presentss our conclusions.
2. FORMALISM
Both the lensing convergence, κ and the Comption-
ization parameter, y, can be modeled as the integral of
the density fluctuation δm(θ, w) along the line-of-sight,
weighted by a kernel Wα(w):
Iα(θ) =
∫ wH
0
dwWα(w)δm(θ, w) , (1)
where α denotes the component we are interested in (e.g.,
κ, the tSZ effect, or the CIB), w(z) is the radial co-
moving distance, wH is the co-moving distance to the
horizon, and θ is position angle in the sky. For κ, the
kernel is
Wκ(w) =
3
2
Ω0
(
H0
c
)2
g(w)
dA(w)
a
, (2)
where dA(w) is the angular diameter distance corre-
sponding to w and g(w) depends on the redshift distri-
bution of the sources pS(w):
g(w) =
∫ wH
w
dw′pS(w′)
dA(w
′ − w)
dA(w′)
. (3)
For CMB lensing, pS(w) is a δ-function centred at the
last scattering surface. The tSZ-induced temperature
change at frequency ν is characterized by the Compton
parameter y:
∆TtSZ(θ, x)
TCMB
= y(θ)StSZ(x) (4)
where StSZ(x) = x coth(x/2)−4 is the tSZ spectral func-
tion in terms of x ≡ hν/kBTCMB. Here h is Planck’s
constant, kB is the Boltzmann constant, and TCMB is
the mean temperature of the CMB.
The Compton parameter y is given by the line-of-sight
integral of the electron pressure:
Frequency
[GHz]
Resolution
[arcmin] Units
100 9.66 µKCMB
143 7.27 µKCMB
217 5.01 µKCMB
353 4.86 µKCMB
545 4.84 MJy / sr
857 4.63 MJy / sr
TABLE 1
Overview of Planck HFI maps. Columns shows FWHM of
beams, and units of raw sky maps.
y(θ) =
∫ wH
0
adw
kBσT
mec2
ne(θ, w)Te(θ, w) , (5)
where σT is the Thomson cross section and ne(θ, w) and
Te(θ, w) are the number density and temperatures of
the electrons, respectively. The electron number density
depends both on angular position and radial distance,
ne(θ, w) = n¯eδgas(θ, w) where n¯e is the mean electron
number density, which is proportional to (1 + z)3, and
δgas is the gas mass density fluctuation, which is given by
bgas(z)δm with bgas ∝ (1+z)−1 the gas bias (Goldberg &
Spergel 1999). The electron temperature depends only
on radial distance, Te(w) ∝ (1 + z)−1. So the tSZ kernel
is given by:
W tSZ(w) = bgas(0)n¯eσT
kBTe(0)
mec2
1
1 + z(w)
. (6)
The κ× y cross-correlation can be written as (Cooray
et al. 2000):
Cκ×y` =
∫ wH
0
dw
[
W tSZ(w)Wκ(w)
f2K(w)
]
Pm
(
`
dA(w)
, w
)
,
(7)
where Pm is the matter power spectrum:
〈δm(k, z)δm(k′, z)〉 = (2pi)3δ(k − k′)Pm(k, z) (8)
If we take the integral over w from 0 to the last scatter-
ing surface (corresponding to z ' 1100), then the cross-
correlation is between y and the CMB lensing. In our
analysis of y × CMB lensing, we use the lensing poten-
tial φ instead of κ. Note that the lensing convergence
is given by κ(θ) = −∇2θφ(θ)/2 (where θ is a unit vec-
tor pointing to the sky and ∇2θ is the two-dimensional
Laplacian on the sky), or κ` = `(`+ 1)φ`/2 in multipole
space.
The y×CIB signal is generally described by halo model.
Addison et al. (2012) gives a detailed discussion about
it.
3. DATA AND METHOD
Our analysis of the CIB and Galactic dust contamina-
tion is based on the cross-correlations between the dif-
ferent components. The maps we use are all in HealPix
format with Nside = 2048, 1.7 arcmin pixels.
We reconstruct a y map from 6 Planck ’full mission’
HFI all-sky temperature maps at 100, 143, 217, 353, 545,
and 857 GHz, from Planck’s 2nd data release (Adam
et al. 2016a). Information about these band maps is
Contamination in tSZ Signal 3
RCS Footprint
0 1
Fig. 1.— Footprint of RCSLenS field in galactic coordinate.
given in Table 1. The mask associated with the recon-
structed y map is a union of the 40% galactic mask and
point source mask. We also include a CIB mask from
zero-signal pixels in the Planck CIB maps (see below).
The joint mask excludes 47.21% of the sky. The details
of our y map reconstruction are given in Appendix B.
The reconstructed y map is shown in Fig.A1. We also
use the Planck NILC y map for comparison.
We use the Planck CIB maps (Aghanim et al. 2016b)
to help evaluate the contamination. We use the CIB
maps cover the 3 highest frequencies: 353GHz, 545GHz
and 857GHz, which cover about 40% of the sky near the
galactic plane masked out. They are made by subtract-
ing CIB-free galactic dust maps from CIB-contaminated
dust maps. Both kinds of maps are constructed with a
Generalized NILC method, but with different frequency-
frequency covariance matrices. We also make model CIB
maps at 100-217 GHz by scaling the 353 GHz CIB map
to these frequencies using the grey-body CIB spectrum
(A2). However, this spectrum is redshift-dependent and
we adopt a model evaluated at z = 1.2. Details are given
in Appendix B.3. All the CIB maps have an angular
resolution of 5 arcmin. We also apply the 40% galactic
mask to the CIB maps.
Thermal dust radiation can be modeled as a greybody
spectrum with a dust spectral index βd and dust temper-
ature Td (Hildebrand 1983). Both parameters are spa-
tially dependent and were mapped by Planck collabora-
tion (Ade et al. 2016). We adopt the Planck dust model
maps to test the robustness of the cross-correlation signal
to the dust model used to null the thermal dust compo-
nent.
The galaxy lensing data is from Red Cluster Sequence
Lensing Survey (RCSLenS) which is part of the second
Red Sequence Cluster Survey (Hildebrandt et al. 2016).
Data was acquired with the MegaCAM camera from 14
separate fields and covers a total area of 785 deg2 of
the sky. The RCSLenS lensing signal has been cross-
correlated with Planck Lensing (Harnois-De´raps et al.
2016) in order to probe AGN feedback (Hojjati et al.
2017). For our analysis we use the reconstructed pro-
jected mass map, κ. The lensing reconstruction method
is developed by Van Waerbeke et al. (2013), and the map
is converted to a HealPix map with Nside = 2048. The
corresponding mask is the RCSLenS footprint.
The CMB lensing data is from the publically released
Planck CMB 2018 lensing potential map (Aghanim et al.
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Fig. 2.— κ×CIB at three different frequencies in harmonic space.
The cross-correlation signal is binned into 5 ` bins centered at 290,
670, 1050, 1430, 1810.
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Fig. 3.— Upper panel: κ × y for three y maps in ` space. The
cross-correlation signal is binned to 5 ` bins. Black, red, and green
points are corresponding to Planck NILC y map, our yˆrec map,
our CIB-subtracted y map (see (B19)). Lower panel: Difference
between κ×yr and κ×yc (blue points with errorbars), and between
κ× yp and κ× yc (orange points with errorbars). Lines show the
κ× TCIB857 scaled by the best-fit ακ.
2018b). It is constructed by a minimum-variance lens-
ing reconstruction over 70% of the sky. We use the
tSZ deprojected lensing map, which is produced us-
ing filtered temperature data from the SMICA DX12
tSZ-deprojected CMB map. The CMB lensing data is
provided in spherical harmonics of convergence κ`m =
`(` + 1)φ`m/2, in 0 < ` < 2048. We reconstruct the φ
map by inverse spherical harmonic transformation. The
corresponding mask is also given in the same file pack-
age. We also analyse the effect of tSZ residual in the
CMB lensing map, see Appendix D.
We use the PolSpice package (Challinor et al. 2011) to
calculate cross-correlation functions. We do not decon-
volve the beam since all the maps have the same angular
resolution. The cross-correlation are binned into 5 ` bins
centered at ` = {290, 670, 1050, 1430, 1810}.
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The statistical cross-correlation uncertainties between
signal A and B are assumed to be Gaussian errors which
are calculated using the measured auto-spectra of signal
A and B.
(
∆CAB`,Gaussian
)2
=
1
fsky
1
(2`+ 1)∆`
[
CAACBB` +
(
C˜AB`
)2]
,
(9)
where CAA` and C
BB
` are the measured auto-spectra of
A and B signal; CAB` is the measured cross-spectra. and
C˜AB` is the theoretical cross-spectrum which is much less
than the auto-spectra so is negligible (Ade et al. 2014b).
∆` is the bin width, and fsky is the sky fraction over
which the angular spectra are measured. We find that
these errors are slightly lower than the measured scatter
within an `-bin. In the following results, we adopt the
same ` bins and error recipe throughout. This method
is also used by Ade et al. (2014b) and Hill & Spergel
(2014).
For cross-correlations involving the y map, we also take
the calibration uncertainty (Adam et al. 2016b) into ac-
count.To estimate this uncertainty, we first sample 20
sets of frequency band maps by multiplying the origi-
nal sky maps with Gaussian-distributed random numbers
centered at 1 with standard deviation given in (Adam
et al. 2016b), and then make 20 samples of y maps from
them. The calibration uncertainty that propagates into
CAy` are C
Aσy
` where σy is the standard deviation of
these y map samples. We assume that this uncertainty
is uncorrelated with the statistical uncertainty discussed
above, so the overall cross-correlation uncertainty is(
∆CAy`
)2
=
(
∆CAy`,Gaussian
)2
+
(
C
Aσy
`
)2
(10)
4. RESULTS
4.1. CIB contamination in κ× y and φ× y
Since the CIB traces the spatial distribution of dis-
tant galaxy clusters, it should have a non-zero cross-
correlation with gravitational lensing by large scale struc-
ture. We first estimate the cross-correlation between the
3 Planck CIB maps and the RCSLens κ map. The re-
sults are shown in Fig 2. All the three CIB maps show a
non-zero cross-correlation signal with a confidence level
of ∼ 7σ. This significance is derived from the p-value of
the null test given by the χ2 statistics. In this section
we test the potential CIB contamination in our recon-
structed y map.
We denote the reconstructed y map as yr and CIB-
cleaned y map as yc. We parametrize CIB contamina-
tion in the L×y cross-correlation by approximating as a
scaling of L×TCIB857 , where TCIB857 is the CIB temperature
at 857 GHz and ”L” denotes for lensing signal, either κ
or φ:
CL×y
r
` = C
L×yc
` + α
LC
L×TCIB857
` , (11)
where αL is the scaling parameter quantifying the mean
CIB contamination in L×y signal (Hill & Spergel 2014).
Note that α has units of K−1. We seek to measure ακ
and αφ from κ× y and φ× y.
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Fig. 4.— Upper panel: φ× y for three y maps in ` space. Lower
panel: Difference between φ× yr and φ× yc, and between φ× yp
and φ × yc. Lines show the φ × TCIB857 scaled by the best-fit αφ.
The colors are the same as Fig 3
Planck NILC Reconstructed
ακ(×10−6K−1) 7.28± 1.55 3.95± 3.24
αφ(×10−6K−1) 5.64± 0.81 5.66± 1.23
∆κ×y(%) 6.75± 3.53 4.22± 3.18
∆φ×y(%) 16.69± 3.52 15.60± 3.08
TABLE 2
CIB contamination in Lensing ×y signal. α and ∆ are
defined in (11) and (12)
Ade et al. (2014b) showed that κ×TCIB857 and φ×TCIB857
are sourced by galaxies at different redshifts ranging out
to z ∼ 5 . The RCSLenS sources ranges from 0 to z ∼ 1.5
with a peak at z ∼ 0.5, so κ × TCIB857 is mainly from
nearby galaxies and galaxy clusters. φ×TCIB857 is sourced
by all the CIB sources out to z ∼ 5. Given that the CIB
contamination in the y map could vary with redshift, ακ,
and αφ might not have the same value.
First, we measure CL×y
r
` , C
L×yc
` , and C
L×TCIB857
` , then
constrain ακ and αφ, using both the Planck NILC y map
and our reconstructed y map. The fractional L contribu-
tion in the cross-correlation signal is given by:
∆L×CIB = avg
(
CL×y
r
` − CL×y
c
`
CL×y
r
`
)
. (12)
We perform a same analysis for the Planck NILC y
map yp.
The κ × y results are shown in Fig 3. The three sets
of points with 3 different colors correspond to 3 different
y maps correlated with a common κ map: the Planck
NILC y map yp, our reconstructed y map yr, and our
CIB-subtracted y map yc. All 3 cross-correlations show
a nonzero κ × y signal with > 5σ confidence level. yr
has an 8σ signal which is consistent with Hojjati et al.
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Planck NILC Reconstructed
ακ(×10−6K−1) 6.53± 2.34 4.23± 2.37
αφ(×10−6K−1) 5.61± 2.57 5.68± 2.62
∆κ×y(%) 3.92± 3.93 2.28± 3.69
∆φ×y(%) 16.54± 3.09 15.63± 3.15
TABLE 3
Same table as Table.2, but with different CIB-cleaned y
map with 100-353GHz CIB map extrapolated from 545GHz
CIB map.
(2016). Note that κ× yr agrees with κ× yp at 1σ level.
The φ × y signal is analysed in the same way as κ × y.
The results are presented in Fig.4. The signal is more
significant than κ × y because the sky fraction covered
by CMB lensing is much larger than RCSLenS.
A summary of CIB contamination in L×y estimation
is given in Table 2. The CIB contamination in κ× y has
a significance of ∼ 2σ while it has a significance of ∼ 5σ
in φ× y for both yr and yp. Hill & Spergel (2014) makes
a similar detection by subtracting a CIB bias directly
from the y × φ cross-correlation. Hurier (2015) gets a
(20 ± 10)% φ × CIB contamination in their φ × y mea-
surement which is similar to our measurement. However,
our measurement is more accurate due to the larger sky
coverage. From the estimated α values we conclude that
the CIB contamination in the Planck NILC y map and
the reconstructed y map is at a level of ∼ 10−6(TCIB857 /K)
or ∼ 10−1(TCIB143/K).
When constructing the CIB-cleaned y map, a CIB
model is used to generate the model CIB maps at 100,
143, 217 GHz (see section B.3 for details). Our results
assume that the Planck CIB maps are not contaminated
by tSZ signal. The rms signal levels in the three Planck
CIB maps are 1.03, 2.72, and 5.03 ×10−2 MJy/sr at 353,
545, and 857 GHz, respectively. The rms of the esti-
mated tSZ signal at these frequencies is 0.76, 0.36, and
0.03 ×10−2 MJy/sr. Thus the CIB map at 353 GHz has a
relatively high risk of being contaminated by uncorrected
tSZ signal. To test this assumption, we have performed
an alternate scaling of the CIB signal using the 545 GHz
CIB map as a template, and scaling it to 100-353 GHz
bands using the same spectral model as above, evaluated
at z = 1.2. We make another CIB-cleaned y map with
them and do a similar cross-correlation analysis. We find
the contamination fractions are lower by about ∼ 1σ (see
Table 3). It indicates that the tSZ residual in the 353GHz
CIB map does not affect our contamination estimation
significantly.
We have also tested robustness to the assumed CIB
model redshift. We find that when the CIB redshift
varies from 0.8 to 2.0, the cross-correlation results change
by < 1σ, so our results are not sensitive to CIB redshift.
For the 545-scaled CIB maps, the results are somewhat
more sensitive to model redshift.
4.2. Robustness to Galactic Dust Contamination
The goal of this section is to evaluate the robustness of
tSZ-lensing cross-correlations if a galactic dust-spectrum
is projected-out when making y maps (section B.4 dis-
cusses how these maps are made). We vary the dust
spectral index βd to project out different models. Since
galactic dust cannot be described by a single spectrum,
these projection procedures surely leaves different level
of dust residual in the y maps.
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Fig. 5.— κ × y cross-correlation measured from different dust-
nulled y maps. The ` bins are the same as Fig 3. κ × yc is also
plotted as a reference using green points. Note that yc is with no
dust model corrected.
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Fig. 6.— φ × y cross-correlation measured from different dust-
nulled y maps. The ` bins are the same as Fig 3. κ × yc is also
plotted as a reference using green points. Note that yc is with no
dust model corrected.
In this investigation, CIB is removed beforehand to
control the CIB residual in the y maps. Since the CIB
maps are contaminated by some level of galactic dust,
this subtraction leads to additional influence on dust
residual in the y maps.
Both κ × y (Fig 5) and φ × y (Fig 6) show that the
cross signals don’t change when we vary the Galactic
dust models (see Fig.B4). This is consistent with our
expectation that Galactic dust is not correlated with ex-
tragalactic signals.
5. DISCUSSION AND CONCLUSION
We have estimated the degree to which emission from
CIB and Galactic dust contaminates a set of tSZ maps,
y, and their cross-correlation with gravitational lensing
(κ or φ). We do so by modifying the procedure for re-
constructing y maps from the Planck band maps. We
first verify that we can reconstruct the nominal NILC
map produced by the Planck team, denoted here as y,
up to small differences detailed in Appendix A. We de-
note our nominal reconstruction yr. We then produce a
modified tSZ map by subtracting a CIB model from each
band map prior to forming a tSZ map. We denote this
corrected map yc and we recompute the lensing cross-
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correlation signal with this map. Under the assumption
that κ× yc is not contaminated by CIB emission, we es-
timate that the cross-correlation with the original Planck
tSZ map, κ×yp, is contaminated by (6.76±3.74)% , and
the cross-correlation with our nominally-reconstructed
tSZ map, κ × yr, is contaminated by (4.69 ± 3.46)% .
In neither case is the contamination significant.
Van Waerbeke et al. (2014) presented a first detec-
tion of κ × y and used the measurement to constrain
bgas (Te/1 keV) (ne/1 cm
−3) = 2.01 ± 0.31 ± 0.21, where
bgas is the gas bias, Te is the mean electron temperature
(at redshift zero), and ne is the mean electron number
density. The first uncertainty is statistical and the sec-
ond is an estimate of the systematic error. Our work
shows that this result is unlikely to be significantly af-
fected by CIB contamination. However, as future lensing
surveys increase their sky coverage, CIB contamination
will likely become a statistically significant source of bias
in measurements of κ× y.
We perform a similar cross-correlation analysis with
the CMB lensing potential, φ × y, and find a signif-
icant contamination: (16.69 ± 3.52)% in the nominal
Planck tSZ map, and (15.60± 3.08)% in our nominally-
reconstructed map. We attribute this higher level of con-
tamination to the fact that the redshift distribution of
CMB lensing sources overlaps more with that of the CIB
sources than do the galaxy lensing sources. And also φ
signal covers a larger fraction of the sky, which reduces
the uncertainty in cross-correlation signal and thus en-
hances the significance of the CIB contamination..
Since the CIB redshift is fixed at 1.2 when extrap-
olating low frequency CIB maps, CIB emission from
sources at other redshifts are not completely removed.
We test the robustness of our extrapolation by evaluat-
ing the spectral model at other redshifts in the range
0.8 < z < 2.0 and find that our cross-correlation bias
results are stable.
We test the effect of tSZ residuals in the 353GHz CIB
map and find that the results do not change significantly
when we use the CIB-cleaned map with 100-353GHz CIB
model extrapolated from 545GHz CIB map. However,
we also find that the latter is more sensitive to the CIB
redshift we choose.
Emission from Galactic dust is uncorrelated with the
tSZ and CIB emission and it does not contaminates our
results significantly. We vary the residual dust signal in
our reconstructed y maps by varying the dust spectral
index βd when we produce them. The cross-correlation
results in Fig.5 show that κ × yr is not sensitive to the
dust model.
Ongoing and future weak lensing observations will con-
tinue to expand their sky coverage and redshift range.
We anticipate that it will soon be feasible to separate
CIB and tSZ signals in the far-infrared data with high
precision, allowing for very robust measurements of κ×y
and κ× CIB. These data will enable new insights about
the evolution of gas in the universe.
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APPENDIX
Parameter Mean Value
αCIB 0.36± 0.05
Tc0 24.4± 1.9
βCIB 1.75± 0.06
γCIB 1.7± 0.2
δCIB 3.6± 0.2
TABLE A1
Best fit CIB parameters from Planck Collaboration XXX
(2014).
Reconstructed y map
-1e-05 1e-05Compton y
Fig. A1.— The fiducial y map reconstructed by our HILC
pipeline shown in Galactic coordinates.
A. CIB FLUX MODEL
The CIB flux from a single galaxy cluster is modeled by
the integrated luminosity within 500 times virial radius
(Shang et al. 2012):
LCIB500 (ν, z) = L0
[
M500
1014M
]CIB
Ψ(z)Θ[(1 + z)ν, Tc(z)] ,
(A1)
where L0 is a normalization parameter, Tc = Tc0(1 +
z)αCIB is the dust temperature of the cluster. Tc0 is the
current-time dust temperature and αCIB accounts for the
distinctive evolution of dust temperature. Θ[ν, Tc] is the
SED for a typical galaxy that contributes to the total
CIB emission,
Θ[ν, Tc] =
{
νβCIBBν(Tc), ν < ν0
ν−γCIB , ν ≥ ν0 . (A2)
Here Bν denotes the blackbody intensity, while the emis-
sivity index β gives information about the physical na-
ture of dust which in general depends on grain composi-
tion. ν0 is the solution of d log[ν
βCIBBν(Tc)]/d log(ν) =
−γCIB, which connects the SED at high and low frequen-
cies. The redshift dependence is assumed to be the form:
Ψ = (1 + z)δCIB . (A3)
This dependence has been justified by observations
(De Lucia & Blaizot 2007; Oliver et al. 2010, e.g., ).
The model parameters we use are given in Table.A1.
We use the frequency dependence of CIB to generate
model CIB maps at 100-217GHz in order to subtract
CIB from y map.
B. RECONSTRUCTION OF THE Y SIGNAL
B.1. The Internal Linear Combination
The raw temperature maps are a superposition of dif-
ferent emission components, including the CMB, galactic
dust emission, free-free radiation, synchrotron radiation,
the CIB, tSZ signal etc. A well-known method to extract
one of those components with known frequency spectrum
and null others is the Internal Linear Combination (ILC)
technique, used by WMAP and Planck to make the CMB
and other component maps (Leach et al. 2008). The ba-
sic idea of the ILC method is to use a linear combination
of different frequency maps to keep the target compo-
nent unbiased and to minimize the contribution of other
components.
In our analysis, in addition to minimize other con-
tamination, we also include a constrain to project the
CMB out. The CMB and tSZ signals are separable,
sαν = f
α(ν)sα(θ), where f
α(ν) is the frequency depen-
dence for component α (α =CMB, tSZ) at frequency ν.
sα(θ) is the sky template of component α. The objective
of ILC is to extract sα(θ).
For a given detector, the frequency dependence is
weighted by the bandpass:
fαi =
∫
bi(ν)f
α(ν)dν∫
bi(ν)dν
, (B1)
where bi(ν) is the bandpass of the detector whose fre-
quency response is centered at νi. For Planck satellite,
they are given in Ade et al. (2014a). We use Latin letters
i, j, k... for frequency channels and Greek letters α, β, γ...
for components hereafter.
The raw sky map at frequency νi is a combination of
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all the components plus noise:
di(θ) =
∑
α
sανi(θ) + ni(θ)
=
∑
α
fαi sα(θ) + ni(θ)
=
∑
α
Miαsα(θ) + ni(θ) ,
(B2)
where di is the sky map at frequency νi. Miα ≡ fαi
is the mixing matrix which shows the frequency depen-
dence for the αth component in ith frequency. In our
analysis, νi ∈ {100, 143, 217, 353, 545, 857} GHz and
α ∈ {CMB , tSZ}. ni(θ) is the sum of other compo-
nents that are not included in sα (like the CIB, whose
frequency dependence is not uniform across the sky) plus
instrument systematics.
To extract the αth component while nulling the other
components, we need to solve the following linear equa-
tions: ∑
i
cαif
α
i = 1∑
i
cαif
β
i = 0, β 6= α ,
(B3)
or more concisely:∑
i
cαiMiβ = δαβ . (B4)
cαi is the ILC coefficient for α component at frequency
νi. We use sˆα to denote the estimated template for com-
ponent α. It is calculated by superposing the observed
sky maps with the ILC coefficients:
sˆα(θ) =
∑
i
cαidi(θ) = sα(θ) +
∑
i
cαini (B5)
In summary, we try to solve (B4) for ILC coefficients
cαi, i = 1, 2, ..., Nf , where Nf is the number of channels.
The mixing matrix Miβ is an Nf × Nc matrix, where
Nc denotes the number of components. For such set of
linear equations, Nc should be less than, or equal to Nf .
If Nc < Nf , we have remaining degrees of freedom to
minimize the noise residual by minimizing the χ2:
χ2(θ) ≡∑
ij
(di(θ)−
∑
α
Miαsˆα(θ))(N
−1)ij(dj(θ)−
∑
α
Mjαsˆα(θ)) ,
(B6)
where N is the signal covariance matrix. Taking the
partial derivative with respect to sˆα(θ):
∂χ2(θ)
∂sˆα(θ)
= −2
∑
ij
Mαi(N
−1)ij(dj(θ)−
∑
β
Mjβ sˆβ(θ)) .
(B7)
Set it to be zero to minimize, then
∑
ij
Mαi(N
−1)ijdj(θ) =
∑
ij
Mαi(N
−1)ij
∑
β
Mjβ sˆβ(θ) .
(B8)
This leads to
sˆα(θ) =
∑
αβkl
[(MTN−1M)−1]αβMβk(N−1)kldl(θ) .
(B9)
Comparing with Eq (B5), the coefficient for component
α at frequency channel i is
cαi =
∑
αβk
[(MTN−1M)−1]αβMβk(N−1)ki . (B10)
It is straightforward to confirm that (B10) satisfiles
(B4). Another method is to use Lagrange multiplier to
find the minimum of χ subject to constraints (B4). Both
methods give the same result (B10).
The frequency dependence for each component is con-
tained in the mixing matrix Miα. Free-free scattering
and synchrotron have a decreasing frequency spectrum in
HFI region and are significant only at the low frequency,
so we ignore them here. For our fiducial reconstructed
y map we only project out the CMB components. The
other components and noises are minimized. The units
of raw sky maps are thermal temperature KCMB, so the
dependence for each component is as following:
Intensity of primary CMB fluctuation is a black body
spectrum with monopole temperature 2.725K (Fixsen
2009). In KCMB unit, the CMB signal is independent
of frequency so fCMB(ν) = 1 for all channels, thus we
have:
sCMBν (θ) = sCMB(θ) , (B11)
where sCMB(θ) is the CMB template which depends only
on position θ.
For the tSZ signal (Birkinshaw 1999):
stSZν (θ) = StSZ(x)TCMBy(θ) , (B12)
where x ≡ hν/kBTCMB. StSZ is defined in (4) and
TCMB = 2.725K is the monopole temperature of the
CMB. The Compton-y parameter y(θ) is a dimension-
less parameter describing the spatial dependence of the
tSZ effect. So the y map reconstruction is to find ILC
coefficients ctSZ,i using (B10).
B.2. Reconstruct tSZ Map
In practice, before taking ILC procedure, we need to
prepocess the raw temperature maps as follows:
1. Convert all maps to µKCMB with the conversion
coefficients provided in the Planck explanatory supple-
ment3.
2. The corresponding angular resolutions are FWHM0
= {9.66, 7.27, 5.01, 4.86, 4.84, 4.63} arcmin. To first
order we can take the Planck beam function to be Gaus-
sian (Collaboration et al. 2014). We smooth the maps
3 We used the ”545-avg” and ”857-avg” values from https://
wiki.cosmos.esa.int/planckpla2015/index.php/UC_CC_Tables
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Input: 6 Planck
HFI All-sky
maps, di,raw
Unify the resolutions
and units, mask
the map, get di
Needlet filter:
d
(a)
i = h
(a)
⊗
di
a = 1 · · ·
· · · Calculate N
(a)
ij
with (B14)
ILC the map
with (B9) and
filter, get y(a)(θ)
a ≥ 10?
a = a+ 1
Stacking,
y(θ) =
∑
a
y(a)(θ)
Output:
Reconstructed
y map yr(θ)
yes
no
Fig. B1.— Flow chart for our HILC procedure.
to a common angular resolution of 10 arcmin by con-
volving each map with a Gaussian beam with FWHM =√
102 − FWHM20 arcmin.
3. Cut the sky with y mask described in Section 3
We use the Harmonic Internal Linear Combination
(HILC) method to generate the y map. The ILC pro-
cedure is taken in harmonic space. The raw band map is
first transformed into ` space and multiplied by a needlet
filter {h(a)(`)} then transformed back into real space.
The output map is called a needlet-filtered map. h(a)(`)
centeres at a certain scale `a, so a needlet-filtered map
corresponding to h(a)(`) preserves intensity around scale
`a. We make ILC maps independently for each needlet
window, and noise is minimized independently for differ-
ent angular scales.
Based on Basak & Delabrouille (2012), we use 10
Gaussian window functions peaking at different scales
as {h(a)(`)}. These needlet windows are also used in
Planck Collaboration XXIX (2014) and Aghanim et al.
(2016b) in their NILC procedures. Appendix C contains
the details about the needlet windows. As preprocess-
ing, we filter the 6 raw band maps with these 10 needlet
filters to make 10 sets of band maps d
(a)
i , 1 ≤ a ≤ 10
each corresponding to a needlet window. Each set has 6
band maps at 6 HFI channels. We mask the maps after
needlet filtering in order to prevent ringing effects.
The ILC is performed independently with each set of
filtered maps. We first calculate the covariance matrix
of each Needlet-filtered sky map:
N
(a)
ij =
〈
d
(a)
i (θ)d
(a)
j (θ)
〉
θ∈D
, (B13)
where a is the needlet index. D is the domain the real
space we are interested in, typically a masked map. In
practice, the covariance matrix is estimated by multiply-
ing together signals of the same pixel in ith and jth map,
then summing over pixels in the domain D.
Nˆ
(a)
ij =
1
Np
∑
p∈D
d
(a)
i (p)d
(a)
j (p) , (B14)
where Np is the number of pixels in domain D. For our
analysis, D is the unmasked sky which is discussed above.
The weight for component separation is calculated in-
dependently for each needlet window. Thus we can
make component maps for each scale. The reconstructed
tSZ map is obtained by re-applying the needlet windows
h(a)(`) and co-adding tSZ maps in all needlet windows.
Our HILC pipeline is summarized as a flow chart in
Fig.B1. Our HILC method differs from NILC method
in that the domain D in (B14) includes all unmasked
pixels in the map, while for NILC D depends on scale.
Another difference between our reconstructed y map (la-
beled as yr hereafter) and Planck NILC y map (labeled
as yp hereafter) is that we only use 6 HFI maps while
Planck NILC uses LFI maps at large angular scales. The
Planck NILC map only masked the most central part of
the Milky Way, which is about 2% of the sky. This will
likely bring up residual galaxy signals but they should
not affect the cross-correlations evidently.
In summary, the y map reconstruction is formulated
as:
yr(θ) =
∑
a
y(a)(θ) =
∑
i,a
c
(a)
i d
(a)
i (θ) (B15)
where y(a) is the y map in the ath needlet window, c
(a)
i
is the ILC coefficient for the ath needlet window and the
ith frequency channel.
Fig.B2 shows the y signal in the same field for yr and
yp and their difference. Both maps agree with each other
well except for some large-scale difference due to galactic
residual. We also calculate integrated y signal within
R500 for 858 Planck tSZ clusters (Planck Collaboration
XXIX 2014) on Planck y map and our reconstructed y
map. The signal-to-signal scatter plot is shown in Fig.B3.
From Fig.B3 we can see that the y signal from both maps
agree well with each other. A paired Student t-test shows
that the tSZ flux in our map agree with that from Planck
NILC map to a confidence level of 7σ. The difference is
due to the different ILC model and covariance matrices.
We take the calibration uncertainty into account. We
calculate the uncertainty that propagates into yr by sam-
pling 20 sets of sky maps with random calibration factors:
yrsample =
∑
i,a
(c
(a)
i id
(a)
i ) (B16)
where i a Gaussian random number centered at 1 with
standard deviation equals to calibration uncertainties
from Table 6 of Adam et al. (2016b). The uncertainty in
yr is the standard deviation of these 20 yrsample.
B.3. CIB subtracted y map
The Planck collaboration made 3 CIB maps in
353GHz, 545GHz, and 857GHz (Aghanim et al. 2016b)
by disentangling the CIB signal from a galactic dust
emission map. The galactic dust emission map is gen-
erated with a Generalized ILC method using all the 9
Planck all-sky maps. The CIB covariance matrix is ac-
quired from simulated CIB maps (Ade et al. 2011). The
10 Yan et al.
706560
25
30
35
b(
◦ )
Planck y map
706560
l(◦)25
30
35
Rec y map
706560
25
30
35
Diff
−5.0× 10−6 5.0× 10−6
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Fig. B3.— Comparison between the measured tSZ flux of the
Planck cluster sample measured in Planck NILC map and our re-
constructed y map.
units of the maps are MJy/sr and their angular resolu-
tion is 5 arcmin.
Our reconstructed y map can be decomposed as a com-
bination of true y signal and a superposition of error
terms:
yr(θ) =
∑
i,a
c
(a)
i d
(a)
i (θ)
= ytrue(θ) +
∑
i,a
c
(a)
i n
(a)
i (θ)
= ytrue(θ) +
∑
i,a
c
(a)
i s
CIB,(a)
i (θ) +
∑
i,a
c
(a)
i n
′(a)
i (θ) ,
(B17)
where, in the last line, we single out the residual CIB
contributions to the y map explicitly. Here (a) is the
needlet index. c
(a)
ν is the ILC coefficient for y (we omit
the component index α in (B10) because we are only
concerned about y now). yr is the reconstructed y signal
and ytrue is the true y signal. The CMB is removed based
on its known spectrum while noise is minimized but not
completely removed. The noise term ni contains both
CIB signal sCIBi and other noise n
′
i both from the sky
(CO emission) and from the instrument (photon noise).
cross-correlating both side of (B17) with κ, we get:
Cκ×y
r
` = C
κ×ytrue
` +
∑
i,a
c
(a)
i h
(a)(`)C
κ×sCIBνi
`
+
∑
i,a
c
(a)
i h
(a)(`)C
κ×n′i
` ,
(B18)
where Cκ×y
r
` can be directly measured from the y
r and
κ maps. It consists of the true κ× ytrue signal as well as
contamination from CIB and other noise.
To correct the CIB contamination, we make a
CIB-subtracted y map (denoted as yc hereafter). We
first make CIB-subtracted temperature maps and then
perform the same HILC procedure:
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yc(θ) =
∑
i,a
c
(a)
i (d
(a)
i (θ)− sCIB,(a)i (θ))
= ytrue(θ) +
∑
i,a
c
(a)
i n
′(a)
i (θ) .
(B19)
We take the Planck CIB maps as s
CIB,(a)
i at 353, 545,
857 GHz. Although the CIB signal is low in 100,143,
and 217GHz, the corresponding ILC coefficients is higher
than for high frequencies, so the CIB cannot be ignored
for these frequencies. A correlation coefficient calcula-
tion among the three CIB maps shows that they are cor-
related to a level of 0.994, which means they are nearly
proportional to each other. Therefore we make 3 model
CIB maps at 100,143, and 217GHz by scaling Planck
353GHz CIB map with a homogeneous CIB spectrum
model in order to efficiently subtract CIB signal from the
raw temperature maps. Based on Schmidt et al. (2014),
the redshift distribution of CIB sources peaks at around
z ≈ 1.2 which is independent of frequency. According to
the CIB model parameters given in Table.A1, the con-
necting frequency between grey-body and powerlaw re-
gion ν0 is about 4400GHz at z = 1.2. So Θ[ν, Td] in the
Planck HFI bands is a greybody spectrum Θ[νi, Td(z)].
Therefore we use Θ[ν, Td(1.2)] to model the frequency
dependence of the CIB in 100,143, and 217GHz:
sCIBi = s
CIB
353GHz
Θ[νi, Tc(1.2)]
Θ[353GHz, Tc(1.2)]
, (B20)
where Θ[ν, Tc] is defined in Eq (A2). Values of β, Tc0 are
from Table A1. We smooth all the six CIB maps to an
angular resolution of 10 arcmin and subtract them from
the raw sky maps to make CIB-subtracted sky maps. We
then carry out the same HILC procedure with these sky
maps to make yˆCIB-subtracted.
B.4. Dust Nulled y Map
The intensity of thermal galactic dust can be modeled
as a grey body spectrum (Ade et al. 2016):
Idustν (θ) ∝ νβdBν(Td)Idust(θ) , (B21)
where Td is the dust temperature and βd is the dust
spectral index. So the dust signal in KCMB is :
sdustν (θ) ∝ νβd−2Bν(Td)sdust(θ) . (B22)
βd and Td both vary across the sky, so it is not valid to
write sdustν (θ) = f
dust
ν sdust(θ). We can formally decom-
pose dust according to different combination of βd and
Td, each corresponding to a ’dust component’. There are
infinite and uncountable combinations, so it is impossi-
ble to use ILC to project the dust out completely with
a finite number of frequency channels. In principle, we
can project out at most 4 dust components with 6 band
maps (the other 2 are used to null the CMB and preserve
y), but then we run out of degree of freedom to minimize
the variance. The residue of other dust components and
noises will thus dominate the output y map.
In the Planck y maps, our reconstructed y map and
our CIB-subtracted y map, the dust signal is suppressed
but not projected out. Since the dust signal is originated
15.0 17.5 20.0 22.5 25.0 27.5 30.0
Td(K)
1.2
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1.7
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1.9
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Fig. B4.— 2-D Histogram for Td and βd in our y footprint.
The dust model we use here is the Planck COMMANDER ther-
mal dust map (Adam et al. 2016c). Contours are the 1,2σ levels.
Dashed lines show the mode value of Td and βd. Black cross is the
estimated mean values and standard deviation by Planck Collabo-
ration.
in the Milky Way, it should not correlate with either κ
or φ. But it can affect the error in κ × y and φ × y
signal and thus affect the robustness of cross-correlation
conclusions.
To test it, we make a set of y maps with different dust
residuals. We include one dust component (i.e. one com-
bination of {βd, Td}) in the mixing matrix Miα. By
varying βd and Td we change the dust component to be
projected out. Different set of {βd, Td} gives y map
with different dust residuals. In this work we choose five
βd values from 1.3 to 1.9 and make five y maps. As in
subsection B.3, CIB signal is subtracted out before pro-
ducing the y map.
The spatial distribution of {βd, Td} is given in a dust
model map made by the Planck collaboration. The val-
ues are measured to be Td = 19.7±0.4K, βd = 1.62±0.1.
The 2-d histogram of {βd, Td} (Fig.B4) in the footprint of
yˆrec map shows mode values of βd = 1.64, Td = 20.23K.
Dust components with these parameter values contribute
most in our y footprint.
C. THE NEEDLET WINDOWS
Our ILC process is performed in a Needlet frame.
Needlet is first introduced by Narcowich et al. (2006) as
a particular construction of a wavelet frame on a sphere.
The most distinctive property of the needlets is their si-
multaneous perfect localization in the spherical harmonic
domain (actually they are spherical polynomials) and po-
tentially excellent localization in the spatial domain.
Basically, the raw temperature maps are first filtered
into needlet windows by first make spherical harmonic
transforms of the maps x`m, then multiplied by the
needlet window h(a)(`) and transformed back into real
space. The result is called a needlet map, characterized
12 Yan et al.
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Fig. C1.— Needlet windows h(a)(`) acting as bandpass filters in
` space.
by a given range of angular scales given in h(a)(`). ILC
is performed for each needlet scale, and the synthesized
map is obtained by co-adding the ILC estimates for each
needlet scale. In this work,the needlet bandpass windows
are defined following (Aghanim et al. 2016b), which is a
set set of successive Gaussian beam transfer functions in
harmonic space.
h(1)(`) =
√
b1(`)2,
h(a)(`) =
√
ba(`)2 − ba−1(`)2, 1 < a < 10
h(10)(`) =
√
1− b9(`)2 ,
(C1)
where
ba(`) = exp
(−`(`+ 1)σ2a/2) , (C2)
and
σa =
(
1√
8 ln 2
)(
pi
180× 60′
)
FWHM[a] (C3)
with FWHM = [300′, 120′, 60′, 45′, 30′, 15′, 10′, 7.5′, 5′].
So we have
10∑
a=1
(
h(a)(`)
)2
= 1 . (C4)
So the signal for the output synthesized map from dif-
ferent needlet is conserved.
To calculate the needlet-filtered map d
(a)
i , we first cal-
culate the spherical harmonic transformation of di:
di(θ) =
∑
`m
xi,`mY`m(θ) . (C5)
xi,`m is the spherical harmonic coefficient for map of
the ith channel. Multiply it by the needlet filter h(a)(`)
and transform back, we get the needlet-filtered map:
d
(a)
i (θ) =
∑
`m
h(a)(`)xi,`mY`m(θ) . (C6)
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Fig. D1.— y × φ with different CMB lensing data. The y map
used here is the Planck NILC y map.
D. TSZ RESIDUAL IN THE CMB LENSING MAP
Madhavacheril & Hill (2018) and Chen et al. (2018)
pointed out that the tSZ residual in the CMB map is not
negligible when doing CMB-large scale structure cross-
correlation. The Planck 2015 CMB maps contain tSZ
residual by construction. Planck 2018 data release in-
cludes a tSZ-cleand CMB map constructed by SMICA
method (Aghanim et al. 2018a), and the lensing map
used in this paper is made from it.
Since the φ map is made out of the CMB map, the
tSZ residual could propagate to φ map and contaminate
the φ × y signal. We test this contamination by cross-
correlation y map with different φ maps: with and with-
out deprojecting the tSZ signal.
D1 shows that the tSZ residual in the CMB lensing
map does not affect y × φ signal significantly, although,
as is discussed in Chen et al. (2018), tSZ residual in the
CMB map does contribute to CMB-LSS measurements.
A similar analysis like Fig.4 with the other two lensing
maps shows consistent CIB contamination estimations.
